Abstract Stromal interaction molecules (STIM1 and STIM2) are critical components of store-operated calcium entry. Sensing depletion of endoplasmic reticulum (ER) Ca 2+ stores, STIM couples with plasma membrane Orai channels, resulting in the influx of Ca 2+ across the PM into the cytosol. Although best recognized for their primary role as ER Ca 2+ sensors, increasing evidence suggests that STIM proteins have a broader variety of sensory capabilities than first envisaged, reacting to cell stressors such as oxidative stress, temperature, and hypoxia. Further, the array of partners for STIM proteins is now understood to range far beyond the Orai channel family. Here we discuss the implications of STIM's expanding role, both as a stress sensor and a general modulator of multiple physiological processes in the cell.
Introduction to Ca
2+ signaling Ca 2+ is the most ubiquitous and abundant signaling ion in the body, mediating a vast array of physiological processes from fertilization to apoptosis [8] . Despite this ubiquity, specificity can be achieved through tight control of the location, duration, amplitude, and frequency of Ca 2+ release into the cell cytoplasm, the so-called Ca 2+ signature. Due to the relatively low resting cytosolic Ca 2+ concentration (∼100 nM), Ca 2+ -induced cell responses can be generated with even relatively small and discrete increases in the local Ca 2+ concentration. However, Ca 2+ extrusion by the plasma membrane Ca 2+ -ATPase (PMCA) [14] and reuptake into intracellular stores via the sarco/endoplasmic reticulum Ca
2+
-ATPase (SERCA) [107] both contribute to the shape and nature of the Ca 2+ signature (Fig. 1 ). In addition, other proteins, including the Na + /Ca 2+ exchanger (NCX) [74] , the secretory pathway Ca 2+ ATPase [95] , pump and buffering by calretinin [82] , calbindin-D28k [50] , and parvalbumin [49] , also modulate the Ca 2+ signature. Increases in cytosolic Ca 2+ concentration can be generated either by Ca 2+ entry from the extracellular space or Ca 2+ release from organelles that function as intracellular Ca 2+ stores [8] . The primary store of intracellular Ca 2+ in the cell is the endoplasmic reticulum (ER), with a luminal Ca 2+ concentration of ∼400 to 800 μM, although the Golgi [83] and the endolysosomal network [79] have also been shown to serve as intracellular Ca 2+ stores. Stimulation of G-protein coupled receptors (GPCRs) or tyrosine kinase receptors (TKRs) can lead to the activation of phospholipase C (PLC) which in turn generates diacylglycerol (DAG) and the intracellular second messenger inositol 1,4,5-triphosphate (InsP 3 ) via cleavage of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) (Fig. 1) [61] . InsP 3 then stimulates the release of Ca 2+ from the ER and Golgi via the InsP 3 receptor (InsP 3 R) [61] . In addition, cyclic ADP-ribose (cADPR) and nicotinic acid adenine dinucleotide phosphate (NAADP) can also elicit intracellular Ca 2+ release [101] . While cADPR acts on another ER localized Ca 2+ channel, the ryanodine receptor [52] , the two-pore channel family, localized to the endolysosomal system, has been defined as the target of NAADP [11, 15] , although recent investigation has led to new questions regarding the true roles of these channels [7, 42] .
Early characterization of intracellular Ca 2+ signaling recognized that Ca 2+ release from intracellular ER stores elicited by InsP 3 could lead to a subsequent Ca 2+ influx into the cell [86] . It was later shown that a highly specific, non-voltage activated Ca 2+ current across the plasma membrane was generated in response to ER Ca 2+ depletion [42, 55] . This current was proposed to replenish intracellular Ca 2+ stores after receptor-mediated activation and was termed calcium-release activated Ca 2+ current (I CRAC ). It was speculated that I CRAC may be generated by direct coupling between proteins in the ER and plasma membrane [80, 83] , although it would be another 13 years before the molecular components of this pathway were identified. An alternative hypothesis for the activation for store-operated calcium entry (SOCE) also arose based on the idea of a "Ca 2+ -influx factor" (CIF), a diffusible messenger that was proposed to be generated by cells upon store depletion, to act on plasma membrane channels and initiate Ca 2+ entry [10] . In this model, CIF release relieves the inhibition of the membrane-associated phospholipase iPLA2β by CaM allowing it to generate undefined products which stimulate CRAC channels [23] . However, whereas CIF has not been identified to date, the identification and characterization of STIM1 and Orai1 has led to new support for the conformational coupling model as outlined below.
STIM1 and Orai mediate store-operated Ca 2+ entry
Over the last 8 years, the roles of STIM1 and STIM2 as the ER Ca 2+ sensors and activators of Orai1, the pore-forming unit of SOCE, have been carefully defined. STIM1 and STIM2 were originally identified in 1996 [77] and 2001 [118] , respectively, as single-pass ER membrane proteins with a variety of distinct domains (see Fig. 2 ) but no clear functional roles. That one of those domains was a luminal Ca
-binding EF hand [118] resulted in the inclusion of STIMs in selective siRNA screens of Drosophila S2 [92] and Hela [57] cells and their discovery as required components of SOCE. Although it was initially believed that this EF hand was unpaired, it has since been revealed that the Ca 2+ -binding "canonical" EF hand (cEF) is indeed the first of a pair with a second non-Ca
-binding "hidden" EF hand (hEF) [105] . Also within the ER lumen is a sterile α motif (SAM) thought to be required for EF handmediated induction of STIM oligomerization. The function of the cytosolic portion of the molecule is to bind with and modulate PM targets of STIM, particularly but not exclusively Orai1. A critical consideration is the need for this to occur only in the activated state; at rest, inactive STIM1 exists as a dimer maintained primarily by cytosolic interactions between the coiled-coil domain (CC1) and STIM-Orai activating region (SOAR) [22, 120] . Upon store depletion, conformational changes in the EF-SAM domains lead to the formation of large STIM oligomers followed by STIM clustering at tightly juxtaposed ER-PM junctions, driven in part by interactions between the positively charged poly-lysine-rich domain of STIM and negatively charged lipids in the PM [19] . These lipid interactions are thought to serve a supporting role for the binding and activation of Orai1 by multimeric SOAR [123] (also known as CAD [75] ). Interestingly, all vertebrate STIMs exhibit several hundred additional amino acids C-terminal to the SOAR domain which are not required for Orai1 activation. Nevertheless, important roles have been ascribed to a number of domains located in this region of STIM1 such as the inhibitory domain (ID) which participates in Ca
-dependent Orai1 inactivation [27, 53, 69] , a microtubule-interacting site (TRIP) [35, 99] and the proline/serine-rich domain which we have shown to be required for inhibition of PMCA [89] . Future investigations will undoubtedly provide new insight into the functions of these C-terminal STIM domains as well as define roles for portions of the molecules that are not currently understood.
While the role of STIM1 in SOCE has been well documented, our understanding of the functional role of STIM2 remains somewhat less clear. In most cell types, STIM2 knockdown has either a minor effect on SOCE [57, 72] or no effect at all [92, 102] . In contrast, neurons [6] and dendritic cells [5] both seem to be dependent predominantly on STIM2 for SOCE. The reasons for the dominance of STIM2 in these cell types is not currently clear, but may reflect potential advantages conferred by its distinct properties. Hence, despite the 66 % sequence identity between the key domains (EF/SAM domains, CC1, SOAR) of STIM1 and STIM2, those differences that do exist confer distinct functional properties on these proteins. For example, the Ca 2+ -binding domains of STIM1 and STIM2 are identical in all but three amino acids, yet STIM2 exhibits a two-fold lower Ca 2+ sensitivity than STIM1 [13] , resulting in constitutive Ca 2+ entry in some cell types [78, 103, 129] , presumably due to lower resting ER Ca 2+ levels. There is also evidence that STIM2 is a weaker activator of Orai1 [9] , at least in part due to differences in the time course of STIM2 activation [78, 129] that have been attributed to structural differences in the N-terminal random coil [129] and SAM [128] domains. This relative weakness in its ability to activate Orai1 can lead to apparent SOCE inhibition when comparing STIM1-vs. STIM2-mediated SOCE [102] and is likely a critical protective feature for a molecule prone to constitutive activation under resting conditions. Still unclear is the extent to which sequence differences in other portions of the protein might also contribute to their distinct characteristics. In addition, as discussed at length below, the extent to which STIM2 contributes to other types of stress sensing and targeting has not been carefully examined.
Orai channels are phylogenetically distinct from other characterized channel families, consisting of four transmembrane domains with cytosolic N and C termini. The first line of evidence implicating this family of transmembrane proteins as potential channels was that loss of Orai1 led to loss of SOCE [30, 114, 126] . This is something of a curiosity, as there are two additional members of the Orai family (Orai2 and Orai3) [30] , all of which can mediate CRAC currents when overexpressed [26, 58, 65] Fig. 2 Domain architecture of STIM proteins. STIM1 (685 amino acids) and STIM2 (833 aa) are single membrane spanning proteins with luminal/extracellular N-termini (when localized to the ER or PM, respectively) and cytosolic C-termini. The STIM N-terminus incorporates a signal peptide (SP), the canonical and hidden EF-hands (c/hEF), and the sterile α-motif (SAM) upstream of a single transmembrane domain (TM). The C-termini of both STIM1 and STIM2 contain a coiled-coil domain (CC1), the STIM-Orai activating region (SOAR), an ID responsible for Ca 2+ -dependent inhibition of Orai1 function and a poly-lysine (K) region at the distal C-terminus responsible for association with the PM. Unique to STIM1 is a proline-serine (P/S)-rich domain, while a non-homologous proline-histidine (P/H)-rich region is found in STIM2. Many of these domains have been ascribed key roles in the multifaceted functions of STIM as outlined on the diagram in a cell type-specific manner [67, 68] and/or in alternative store-independent, but STIM1-and arachidonate/leukotrienedependent modes [33, 66] . The next key finding was that coexpression of STIM1 and Orai1 led to massive enhancement of Ca 2+ influx following store depletion [65, 81, 103, 126] . Notably, very little elevation in Ca 2+ influx was observed when STIM1 was expressed alone, while Orai1 expression actually inhibited endogenous SOCE, implying distinct roles for each in this process. While these findings had led many to speculate that Orai1 was the pore-forming unit of the CRAC channel, the matter was not considered settled until the critical role of glutamate 106 in Ca 2+ selectivity was revealed nearsimultaneously by three independent groups [84, 112, 121] . Hence, whereas mutation of this glutamate to either glutamine or alanine resulted in dominant-negative inhibition of CRAC, a conservative mutation to aspartate resulted in profound differences in ion selectivity. The identities of all of the pore-lining residues were since determined via cysteine scanning [64, 130] ; their identity confirmed with the recently solved structure of the drosophila Orai channel [12] . Based on this structure, it is now clear that Orai channels exhibit a hexameric structure at rest. However, precisely how the channel interacts with STIM proteins and the nature of the structural changes that occur as a result of this binding remain the subject of future investigation.
The processes described above have become the central dogma of SOCE, a mechanism by which receptor-mediated depletion of ER Ca 2+ stores leads to the entry of Ca 2+ across the PM. However, it has become increasingly apparent that the role of STIM proteins extends further than a simple sensor of ER Ca 2+ levels, with an ever expanding number of physiological roles ascribed to the protein and proven interactions with a range of partners beyond Orai1.
Beyond Ca 2+ sensing-STIM1 gets stressed
Although InsP 3 -mediated release of ER Ca 2+ content is a fairly common signaling event, loss of ER Ca 2+ is also a stress condition, as outlined in the next section. Recent investigations have revealed that this is only one of the stress conditions sensed by STIM proteins, as STIM function is also modulated by reactive oxygen species (ROS) overproduction, temperature variation, hypoxic stress, and pH changes.
STIM and ER Ca
2+ stress
The ability of STIMs to sense decreases in luminal ER Ca 2+ concentration and activate Orai1 was the primary context in which STIM proteins were first defined [101] . This serves a dual purpose; in addition to the critical signaling role played by SOCE, Ca 2+ entry may also fulfill a homeostatic role by supporting ER Ca 2+ refilling. Hence, the primary mediator of ER Ca 2+ content is the SERCA pump, which pumps Ca 2+ from the cytoplasm to the ER. While SERCA does not require SOCE per se, the speed and efficiency of ER Ca 2+ refilling are greatly improved when cytosolic Ca 2+ levels are elevated in response to store-operated Ca 2+ signals [1, 63] . With that in mind, it is somewhat surprising that knockout STIM1, STIM2, or Orai1 does not reveal any differences in ER Ca 2+ concentration [4, 72, 113] . One possible explanation for this is that compensation between STIM1 and STIM2 may mask the effects of knocking out single isoforms on ER Ca 2+ content, particularly in the absence of any stressors that would increase the demand for efficient SERCA function.
Maintenance of ER Ca 2+ content in its normal physiological range (400-800 μM) is critical for many ER functions such as protein synthesis, subsequent protein folding, and posttranslation modifications which are regulated by Ca 2+ -sensitive proteins such as the lectin chaperones calnexin and calreticulin [28] . Prolonged decreases in ER Ca 2+ levels can induce the ER stress response in which protein synthesis is inhibited, unfolded proteins are catabolized by autophagy, and ultimately cell death can ensue. As with STIM1, calnexin and calreticulin fail to bind Ca 2+ below a certain ER concentration, and this dissociation primes them to retain unfolded proteins in the ER. Accumulation of unfolded proteins causes the chaperone protein Grp78 to dissociate from Ire1 and PERK, leading to PERK/Ire1 oligomerization, PERK phosphorylation of eIF2α, and inhibition of protein translation [21] , thereby limiting the potential damage of additional unfolded proteins. In addition, release of Ire1 leads to splicing of Xbp1 which, together with ATF6, stimulate expression of new ER chaperones and induction of autophagy for elimination of protein accumulation to reverse unfolded protein accumulation. Interestingly, STIM1 and STIM2 have been shown to directly bind calnexin independently of their glycosylation state [93] . However, this binding is likely to be lost when STIMs are activated by ER Ca 2+ decreases, providing an additional mechanism to increase the availability of calnexin to help limit potential ER stress when ER Ca 2+ is decreased.
STIM1 and oxidative stress ROS such as superoxide anion (O 2• -) and hydrogen peroxide (H 2 O 2 ) play important roles as regulatory mediators in cellular physiological function through activation of various enzymatic cascades or transcription factors [94] . However, increased ROS levels arising from exposure to exogenous ROS producers, dysregulation of oxidative phosphorylation in mitochondria, or excessive NAD(P)H oxidases (NOX) stimulation leads to oxidative stress, a condition in which the delicate dynamic balance between ROS levels and the antioxidants that counteract them is disrupted [94] . Oxidative stress, if not ameliorated, leads to cell death through apoptotic, necroptotic, and necrotic pathways. Recent investigations have implicated STIM1 and Orai1 as mediators of ROS-induced Ca 2+ elevation. Hence, chemical antioxidants such as N-acetyl-l-cysteine or dibenziodolium chloride decreased both Ca 2+ entry and Ca 2+ oscillation duration in response to agonists such as receptor activator of NF-κB Ligand (RANKL) [47] and lipopolysaccharide [38] as well as under hypoxic conditions [37, 70] . Further, removal of STIM1 through either RNA interference or genetic knockout ablated ROS-dependent modulation of Ca 2+ signals [38] . It was further revealed in this study that cysteine-56 (C56) within the N terminus of STIM1 was crucial for ROSdependent STIM1 activation [38] . Hence, ROS elevation through multiple mechanisms led to S-glutathionylation of C56 due to increased levels of oxidized glutathione which interacts with C56 on STIM1 producing a reversible posttranslational modification. This modification results in constitutive activation of STIM1, independent of ER Ca 2+ depletion. Because C56 is in close proximity to the Ca 2+ binding EF hand, it is thought that S-glutathionylation of C56 disrupts the ability of the EF hand to bind to Ca 2+ , triggering oligomerization of STIM1 and Orai activation (Fig. 3 ) [38] . It should be noted that, since this reactive cysteine is conserved in STIM2, ROS-mediated Ca 2+ signaling may involve both STIM isoforms, although the sensitivity of STIM2 to ROS has not been tested. Irrespective, there is now clear evidence for ROSdependent/store-independent STIM activation, highlighting new mechanisms behind ROS-dependent modulation of Ca 2+ signals in both physiological and pathophysiological settings.
In addition to direct regulation of STIM1 function, ROS can modulate multiple aspects of Ca 2+ signaling. In a recent study investigating the impact of RANKL-mediated of production of ROS on osteoclastogenesis [47] , it was shown that ROS elevation was required for long-term Ca 2+ oscillations (crucial for completion of osteoclast differentiation) whereas ablation of ROS resulted in inhibition of these long-term Ca 2+ oscillations. In this study, it was found that PLCγ activity was ROS-dependent, while prior studies have revealed that ROS production can increase the sensitivity of intracellular Ca 2+ stores to InsP 3 [43] . This indicates that in addition to storeindependent STIM1 activation, ROS can also activate SOCE via store-dependent mechanisms. An additional consideration from the osteoclastogenesis study was the importance of ROS signaling for long-term Ca 2+ signals. Many of the cellular mechanisms regulating increased ROS production (e.g., NOX5 and DUOX [106] , mitochondrial ROS production [29] ) can be stimulated by intracellular Ca 2+ elevation while Ca 2+ elevation is also stimulated by ROS. As such, ROS, PLC, InsP 3 R, and STIM1 may mediate a complex positive feedback loop critical for sustained Ca 2+ signaling with profound contributions to both physiological and pathophysiological implications.
Depending on the strength and duration of the signal, ROSmediated Ca 2+ elevation can be either protective or a major contributor to ROS-mediated cell damage [70, 98] . An example of the former was demonstrated in osteosarcoma cells, where it was shown that, under mildly hypoxic conditions, ROS is elevated, leading to protective STIM1 activation [70] . This protection was due to compensation for the loss of energy production associated with hypoxic conditions, highly consistent with prior studies establishing that Ca 2+ boosts mitochondrial energy output in an oxygen-independent manner [18] . On the other hand, Ca 2+ overload due to excessive ROS elevation is associated with apoptosis, primarily due to mitochondrial damage [98] . Hence, due to their high membrane potential, mitochondria fill with Ca 2+ as cytosolic Ca 2+ levels rise. If too much Ca 2+ enters the mitochondria, membrane potential lowers, triggering the mitochondrial permeability transition and cell death. Interestingly, STIM1/Orai1-mediated Ca 2+ entry has been specifically shown to contribute to Ca 2+ overload-induced cell death in both hippocampal neurons [39] and in endothelial cells during acute lung injury [31] .
STIM and temperature sensing
In warm-blooded animals, core body temperature is stringently regulated with modest deviations leading to hypothermia or fever. Despite this, the temperature differential between body core and peripheral extremities can be over 5°C with implications for circulating cells such as those of the immune system. Typically a subset of thermosensitive TRP channels, primarily the TRPV family, although also TRPA1 and TRPM8, have been thought of as key sensors of temperature [111] . These channels have a sensory range of activation thresholds from around 15°C (TRPA1) to greater than 52°C (TRPV2 ) [111] . The primary residues responsible for temperature activation of TRPV channels remain to be fully elucidated; however, variations in temperature likely cause a change in structural conformation of protein regions, such as the "turret" region of TRPV1, that shift the voltage-activation threshold to promote channel opening [40] .
Like the TRP channels, STIM1 was recently shown to be temperature-sensitive. Increases in temperature to above 40°C caused STIM to cluster in ER-PM junctions of Jurkat T cells, independent of ER store depletion. Interestingly, Orai1 clustering was not observed at these temperatures, but did occur during subsequent cooling to around 37°C in a "heatoff" response ( Fig. 3) [119] . The heat-induced STIM1 clustering likely reflects the biophysical properties of the STIM EF-hand/SAM domain. Hence, these domains expressed in vitro have been shown to exhibit altered folding at temperatures of ∼45°C [104] . This effectively denatures the EF hands and leads to Ca 2+ dissociation; assuming that the full-length molecule behaves similarly, this would then lead to STIM1 activation. However, since activation was not observed until the temperature was lowered, this cannot be the only temperature-sensitive domain. Indeed, the authors also showed that C-terminal polybasic K domain of STIM1 (see Fig. 2 ) was required for heat-induced STIM1 clustering.
While the CAD/SOAR domain of STIM1 directly interacts with Orai to promote store-dependent clustering [75] , the loss of the polybasic domain ablated heat-sensitive clustering of STIM1 [119] . This implies that SOAR-Orai1 interactions are also temperature-sensitive, a phenomenon that could reflect temperature sensitivity of SOAR, Orai1, or both. Future investigations revealing the mechanisms of SOAR-Orai1 interactions may shed new insight into which components of this interaction are likely to exhibit the greatest temperature sensitivity.
This temperature-dependent increase of basal Ca 2+ influx through Orai activation moderately increased NFAT activation and downstream gene transcription, a key mediator of T cell activation. It is therefore speculated that the higher core body temperature may prime immune cells to function at cooler peripheral sites in the body, but there may also be as yet undefined implications of blocking SOCE during the high body temperatures associated with fever. Fever has traditionally been thought of as a symptom of disease needing to be treated; however, a recent study came to the conclusion that fever aids the immune defense by promoting T cell activation and differentiation [60] . Given the central role played by STIM/Orai-mediated Ca 2+ entry in both T cell activation and differentiation, it is reasonable to speculate that this fever effect occurs by increasing the temperature-induced STIM/Orai activation that would be predicted to occur as cells move from the core to the periphery. STIM1 is expressed throughout the animal kingdom, including in "cold-blooded" ectotherms. This raises the question as to the role of STIM temperature sensitivity in such animals during the process of raising and lowering body temperature, especially, for example, in desert-dwelling ectotherms, which are exposed to large temperature fluctuations. It could be that these species have less temperature-sensitive STIM1 variants or as conservation of EF-hand/SAM domains may be critical for function, STIM1 could be specifically down-regulated in peripheral tissue in preference for STIM2. Peripheral downregulation of thermosensitive TRPV4 channels has been demonstrated in certain reptile species [56] . Alternatively, temperature-sensitive STIM1 may be beneficial for ectotherm function. Trout experience water temperature fluctuations and varying energy output during upstream migration. A study in trout atrial myocytes suggested that cooler temperature promoted greater SR Ca 2+ cycling due to decreased heart rate, leading to greater heart contraction with each beat [96] . While the role of STIM/Orai in cardiac function in mammals remains highly controversial, temperature-sensitive differences in STIM1 function may provide a crucial compensatory mechanism for cardiac and/or other cell types in ectotherms to help compensate for temperature-dependent differences in ion flow.
Interestingly, the ability of STIM2 to activate Orai1 in a temperature-sensitive manner has not been assessed. However, the temperature sensitivity of the STIM2 EFhand/SAM domains was measured in vitro [105] , revealing a greater resistance to temperature-induced denaturation. Hence, if STIM2 also exhibits temperature sensitivity, the temperature range that it would respond to would likely be somewhat higher. On the other hand, since the SOAR and polybasic K domains of STIM1 and STIM2 exhibit high sequence homology, it seems reasonable to predict that STIM2 would activate Orai1 in a similar "heat-off" manner.
Acidic and hypoxic stress
A recent study found that in human airway smooth muscle cells, hypoxia diminished SOCE by approximately 50 % [62] . Preliminary efforts to assess this mechanism revealed no effect on STIM translocation to ER-PM junctions where it can activate Orai1; on the contrary, STIM1 accumulation into ER-PM junctions was enhanced under hypoxic conditions, likely due to decreased ER Ca 2+ content reflecting loss of Ca 2+ pumping due to reduced ATP levels. However, despite the presence of STIM1 within these junctions, a marked reduction in STIM/Orai FRET was observed. Since this difference could reflect either loss of STIM/Orai binding or binding in an altered conformation, the authors also examined the ability of the SOAR fragment to bind Orai1. Whereas SOAR and Orai1 associate constitutively at rest, this association was rapidly lost under hypoxic conditions, implicating an effect of hypoxia on STIMOrai binding. Finally, since hypoxic cells exhibit marked acidification [74] , the authors examined and confirmed the hypothesis that this decrease in intracellular pH was responsible for inhibition of STIM/Orai binding and SOCE (Fig. 3) . Prior studies have shown that electrostatic interactions serve a critical role between SOAR and Orai1 [16, 17] , and it is tempting to speculate that pH-mediated inhibition of SOAR-Orai interaction reflects electrostatic interference by H + ions. Further, the fact that greater pH-mediated inhibition of STIM2-Orai1 FRET was observed may indicate a greater dependence for STIM2 than STIM1 on electrostatic interaction, although future studies are required to support this concept.
Acute oxygen deprivation is a relatively common event in the vascular system, skeletal muscle, cardiac tissue, and the central nervous system, leading to short-term hypoxic stress managed by rapid cellular responses. For example, in exercising muscle, increased metabolic demands outstrip the supply of circulating oxygen and deplete oxygen stored in myoglobin. This leads to anaerobic respiration, whereby glucose is broken down to pyruvate which in turn is converted to lactate. Lactate quickly accumulates, decreasing cellular pH and inhibiting muscle contraction. While this is thought to result from competition between H + and Ca
2+
for troponin binding, this may also reflect decreased Ca 2+ responses due to pH-mediated inhibition of store-operated Ca 2+ entry. In the vasculature, acute hypoxia-induced inhibition of contraction serves an important physiological role, as it causes vasodilation which then increases oxygen intake and blood flow [97] . Chronic hypoxia, however, can have severe consequences. One of the most serious examples is ischemia-reperfusion resulting from occlusion of the vasculature leading to extended loss of blood flow such as during a heart attack or stroke. There has been a longstanding interest in targeting Ca 2+ entry as a treatment to this disease, although this has not been entirely successful, perhaps reflecting the complexity of the dysregulation of ion balance. During the ischemic period, protons accumulate in cells of the affected region, inhibiting STIM1 as discussed above and protecting cells from Ca 2+ overload. However, upon reperfusion, protons are extruded by the H + /Na + exchanger (HNE1) [34] and cytosolic Ca 2+ concentration increases, leading to Ca 2+ overload and extensive cell death via multiple mechanisms. Prior studies have revealed HNE1-mediated Na + influx as one contributor [34] ; however, it is also tempting to speculate that relief of H + -mediated STIM1 inhibition could also contribute to Ca 2+ overload during the reperfusion phase of ischemic injury. Interestingly, STIM1 has also been shown to inhibit Ca 2+ extrusion by the plasma membrane Ca 2+ ATPase (PMCA) [89] which could further contribute to runaway Ca 2+ overload in the cytosol and cell death.
Hypoxia is also a relatively common event in cancer when solid tumors grow beyond the capacity of the vasculature to provide sufficient oxygen to the tumor cells [110] . The decreased availability of oxygen causes tumor cells to switch ATP production from oxidative phosphorylation (30-36 ATP molecules produced) to the less efficient process of glycolysis (2 ATP molecules), a phenomenon commonly referred to as the "Warburg effect" [117] . The resultant decrease in ATP levels would be expected to lead to ER Ca 2+ depletion, STIM activation, and potentially Ca overload. In addition to pH-mediated inhibition of STIM activation, there may also be mechanisms for decreasing the STIM1 expression during chronic hypoxia. Hence, Wilms' tumor suppressor 1 (which inhibits STIM1 expression [90] ) has been identified as a target of hypoxia-inducible factor 1 [2] . Thus, inhibition of the expression and/or function of STIM may be a critical step for tolerance to hypoxic conditions.
Identification of new STIM targets
While Orai is the most established and widely reported STIM target, roles for STIM have been proposed in a number of processes other than store-operated Ca 2+ entry. Perhaps the best described and most controversial of these targets are TRPC channels. Although STIMdependent TRPC channel activation has been described in several high profile studies [44, 73, 124, 125] , conflicting evidence is offered by other groups [25, 109] . However, in 2011, it was shown that the effect of store depletion on TRPCs was somewhat indirect, in that it was dependent on Orai1-mediated Ca 2+ entry which caused insertion of TRPCs into the PM [20] . Since measurement of store-operated Ca 2+ currents requires buffering of cytosolic Ca 2+ , these findings may provide some insight into why different groups have drawn conflicting conclusions as to whether or not TRPCs are store-and/or STIM-dependent. Irrespective, the focus of this section is on the identification of new roles for STIM1 activation beyond store-operated Ca 2+ entry. Perhaps the first demonstration of this concept was the finding that store depletion leads to STIM1-mediated activation of adenylate cyclase [54] . Although the precise characteristics of this interaction were not determined, subsequent investigations have to a wide variety of unexpected targets such as ER chaperones (calnexin [93] , ERp57 [85] ), other channels (CaV1.2 [76, 116] ), Ca 2+ pumps (SERCA [63] , PMCA [89] ), and numerous other classes of proteins. Here we will discuss the implications of these new findings on cell function.
STIM1-mediated PMCA inhibition; role of POST?
In a recent investigation, the Clapham group revealed partner of STIM1 (POST) as an adaptor protein mediating interactions between STIM1 and SERCA, NCX, PMCA, the Na/K-ATPase, and the nuclear transporters, importin-β and exportin [48] . Interestingly, we recently demonstrated inhibition of PMCA activity by STIM1 via close association at the immunological synapse (IS) of activated T cells (Fig. 4) [89] . Hence, we were able to show that STIM1 colocalized with PMCA function at the IS where local Ca 2+ clearance was inhibited. We further demonstrated that the proline/serine-rich domain of STIM1 was critical for PMCA inhibition, highly consistent with the fact that this phenomenon was isoform-specific given that STIM2 lacks this domain. Interestingly, local inhibition of Ca 2+ clearance at the IS was also recently reported by another group, although in this case, inhibition of PMCA was proposed to be mediated by mitochondrial Ca 2+ loading [87] .
However, we found that the effect of STIM1 on PMCA function was independent of mitochondria function [89] ; mitochondria-independent regulation of PMCA function was similarly established for POST itself [48] . Hence, irrespective of the impact that close apposition between mitochondria and PMCA has on Ca 2+ clearance, this seems likely to be a distinct phenomenon from STIM1-mediated PMCA inhibition.
Sustained elevation of cytosolic Ca 2+ serves a critical role in T cell activation. Engagement of the T cell receptor leads to release of Ca 2+ from the ER and initiation of Orai1-mediated Ca 2+ entry via classical store-operated STIM1 activation. Under these conditions, nuclear factor of activated T cells (NFAT) is dephosphorylated by the Ca 2+ -dependent serine-threonine phosphatase calcineurin [71] . This leads to nuclear translocation of NFAT, where it promotes the transcription of cytokines and other genes necessary for the immune response [88] . However, within the nucleus, NFAT is rephosphorylated, at which point it is exported back into the cytoplasm. Hence, it is critical that cytosolic Ca 2+ concentration remains elevated for an extended time period to continuously drive the nuclear localization of NFAT and achieve full T cell activation. While it is clear that Orai1-mediated Ca 2+ influx is critical for this process, it is tempting to speculate that local inhibition of PMCA-mediated Ca 2+ extrusion by STIM1 and POST is also crucial for this process to continue (Fig. 4) [48, 89] . Still many questions remain. Why is it important that cytosolic Ca 2+ levels be elevated specifically at the IS? How are the disparate roles of STIM1 as an inducer of Ca 2+ entry and inhibitor of Ca 2+ efflux coordinated? What role is played by mitochondria in both processes? Future investigations will undoubtedly lead to the answers to these questions, thereby providing an improved understanding of the processes underlying T cell activation.
While the functional implications of interactions between POST and its other partners was not determined, it is intriguing that links between STIM1 function and each of the other POST interacting proteins with the exception of the Na/K-ATPase (thus far) have been reported. For example, STIM1 and SERCA have been proposed to be associated in microdomains, based on findings that refilling of ER Ca 2+ content required the presence of STIM1 and occurred without increasing global cytosolic Ca 2+ levels [45] . The potential impact of these microdomains on SERCA function was further demonstrated with the finding that Ca 2+ levels directly impact SERCA-mediated Ca 2+ pumping into the ER [1, 63] . Whereas the relationship between STIM1 and NCX has been less extensively investigated, STIM1 has been shown to promote reverse mode NCX activity in airway smooth muscle [59] . Finally, STIM1 has previously been shown to immunoprecipitate with importin-β and exportin [93] which are involved in NFAT translocation to and from the nucleus [46] , although the functional implications of this interaction were not determined. While the ability of POST to mediate interactions between STIM1 and these various binding partners was not assessed, there is nothing in the studies described above to exclude this possibility.
Inhibition of CaV1.2
The voltage-gated calcium channel, CaV1.2, has recently been revealed as a negatively regulated STIM target [76, 116] . ER Ca 2+ store depletion or intraluminal Ca 2+ chelation was found to almost completely abolish CaV1.2 currents independent of cytosolic Ca 2+ concentration [116] . Furthermore, overexpression of STIM1, and to a lesser extent STIM2, increased the inhibitory effect of store depletion on CaV1.2 current. Conversely knock-down of STIM1 and Orai1 caused a reduction of store-depletion-mediated CaV1.2 inhibition. STIM1-CaV1.2 interaction via the SOAR domain was demonstrated by co-immunoprecipitation of STIM1, while high-resolution imaging of ER-PM junctions revealed co-localization of STIM1/SOAR and CaV1.2 upon store depletion. Orai1 also appeared to be co-localized with CaV1.2 in STIM1-enriched ER-PM junctions, suggesting a complex of the three proteins exists. Indeed, Orai1 was found to assist in SOAR association with CaV1.2 independent of function, suggesting that it was serving a scaffolding role. Interestingly, investigations in hippocampal neurons revealed that STIM1 expression decreased surface expression of CaV1.2 by 73 % [76] . Since the potential for internalization to mediate SOAR-mediated CaV1.2 inhibition is not clear, this may reflect fundamental differences between acute and chronic store depletion.
Cav1.2 represents the primary Ca 2+ influx pathway in the smooth muscle of the arterial vasculature and is critical for modulation of vasculature tone [79] . As such, L-type Ca 2+ channel blockers are a widely used therapeutic agent for the treatment of hypertension [108] . Given the ability of STIM proteins to inhibit L-type channel activity, decreases in the expression or function STIM would be a potential mechanism for the increased vascular tone associated with hypertension. However, experiments performed in spontaneously hypertensive rats revealed that STIM1 levels were increased rather than decreased [32] . This is likely a reflection of "phenotypic switching" from the contractile to the synthetic phenotype. Hence, in response to vascular damage, smooth muscle dedifferentiates into a non-contractile state capable of cell proliferation (i.e., "synthetic") exhibiting increased STIM1 expression. Excessive smooth muscle growth leads to narrowing of vasculature and is a major cause of hypertension [28] . Interestingly, loss of either STIM1 or Orai1 expression has been shown to attenuate smooth muscle proliferation due to vascular damage in vivo [3, 36, 127] . This has primarily been attributed to a role for SOCE in phenotypic switching; however, STIM1-mediated inhibition of CaV1.2 may also contribute to this phenomenon since the synthetic cell type exhibits both enhanced SOCE and loss of L-type Ca 2+ channel activity. [89] STIM1 microtubule/cytoskeletal interactions and mitosis STIM1 has also been shown to interact with components of the microtubule network and cytoskeleton, regulating STIM localization with a wide variety of consequences. During interphase, STIM1 interacts with microtubule + TIP protein end binding 1 (EB1), promoting the association of the ER with microtubules to define ER spatial organization [99] via its TRIP domain (see Fig. 2 ). During mitosis, however, STIM1 is phosphorylated near this site, leading to inhibition of the STIM1/EB1 interaction and dissociation from microtubules. This dissociation of STIM1 and EB1 prevents microtubules pulling the ER into the mitotic spindle and allows the correct partitioning of the organelles during cell division. Coincident to the inhibition of EB1 binding is a failure of STIM1 to activate Orai1 [99, 100] . Unexpectedly, this phenomenon was independent of the loss of microtubule binding as a phospho-deficient mutant of STIM1 can restore SOCE independent of EB1 interaction, and loss of EB1 interaction does not block SOCE. Low-sequence homology between STIM1 and STIM2 in the C-terminus around the EB1-binding domain [101] suggests that STIM2 may not bind microtubules directly, although it could need the close proximity of microtubules by the ER for STIM2 to also redistribute to ER/PM junctions and elicit SOCE. Inhibition of SOCE during cell division seems to be consistent between mitosis and meiosis [122] , and it has been suggested that suppression of SOCE during cell division could be protective to prevent excessive Ca 2+ influx [100] . Nevertheless, given the lack of demonstrated effect of phosphodeficient STIM1 mutants that signal SOCE throughout mitosis on cell cycle progression, the true impact of this finding remains somewhat unclear.
A splice variant of STIM1 with an extended C-terminus, STIM1L, was shown to interact with actin and increase the kinetics of SOCE activation in skeletal muscle [24] . Increased kinetics of SOCE are crucial for it to function in muscle where Ca 2+ responses occur over a much more rapid time scale than non-excitable cells (for review of STIM/Orai function in skeletal muscle, see [51] ). The interaction between the STIM1L-unique amino acids 589-599 with actin promotes the formation of STIM1L clusters in SR/PM junctions that colocalize with Orai, independently of store content. Pre-clustering of STIM1L precludes the time taken for regular STIM1 to cluster and migrate to ER(SR)/PM junctions, seemingly the rate limiting step in SOCE. This enables the SR to rapidly refill upon emptying and sustain fast, repetitive Ca 2+ release. Indeed silencing of endogenous STIM1L in myotubes leads to rapid rundown of Ca 2+ and ablation of repetitive, high-frequency Ca 2+ signaling necessary for muscle activity. Thus, STIM1L was most highly expressed in muscle and nervous system tissue where fast, regenerative signaling is required, and while it was detected in liver and spleen tissue, it appeared to be expressed at much lower levels. Another group reported that STIM1L was expressed exclusively in skeletal muscle and bound with a higher capacity to Orai1 than the shorter STIM variant [41] . Furthermore, SOCE was greater when STIM1L, opposed to standard STIM1, was over-expressed in HEK cells. It therefore seems STIM1L is expressed in tissues where high levels of regenerative SOCE are required to sustain frequent and robust Ca 2+ signals.
Conclusions and future questions
STIM1 has been shown to be sensitive to a range of cellular stress conditions, to which it can mediate appropriate physiological responses. An increasing repertoire of STIM interaction partners has also been defined [48, 89, 91, 115] and no doubt others will be elucidated. It therefore remains to be seen whether physiological stress conditions alter STIM interaction with other protein partners and thus modulate the cell stress response in an Orai-independent manner. Furthermore, although primarily localized to the ER, a subset of STIM1 is found in the PM, with the N-terminal EFhands exposed in the extracellular space. What role this PM STIM1 plays has yet to be defined, but it is conceivable that this STIM1 subpopulation could also be involved in sensing changes in extracellular Ca 2+ , pH, temperature, and/or ROS in the external environment of the cell. Whether or not PM STIM1 can associate with PM proteins in a manner similar to ER STIM1 is not currently clear given its reverse orientation; however, the full interactome of STIM1 has yet to be identified. There could be any number of proteins in various intracellular compartments that could partner with PM STIM1 in ways that cannot yet be conceptualized. As such, whereas precedent has led us to predominantly think of STIM1 as an ER Ca 2+ sensor mediating Orai1 activation, its extensive capacity for stress sensing and relatively wide array of targets would seem to require a rethinking of this viewpoint.
